ABSTRACT The propagation of all organisms depends on the accurate and orderly segregation of chromosomes in mitosis and meiosis. Budding yeast has long served as an outstanding model organism to identify the components and underlying mechanisms that regulate chromosome segregation. This review focuses on the kinetochore, the macromolecular protein complex that assembles on centromeric chromatin and maintains persistent load-bearing attachments to the dynamic tips of spindle microtubules. The kinetochore also serves as a regulatory hub for the spindle checkpoint, ensuring that cell cycle progression is coupled to the achievement of proper microtubule-kinetochore attachments. Progress in understanding the composition and overall architecture of the kinetochore, as well as its properties in making and regulating microtubule attachments and the spindle checkpoint, is discussed.
C HROMOSOME segregation is mediated by the interaction between spindle microtubules and kinetochores, the macromolecular structures that assemble at a unique chromosomal locus called the centromere . Microtubules are dynamic polymers that grow and shrink by the addition and removal of tubulin dimers from their tips (Mitchison and Kirschner 1984) . They switch stochastically between phases of assembly and disassembly, a behavior called dynamic instability (Mitchison and Kirschner 1984) . Microtubules are nucleated by the centrosome, which is called the spindle pole body (SPB) in yeast (Winey and Bloom 2012) . Microtubules have an inherent polarity with the minus end embedded in the SPB and the dynamic plus end distal. In yeast, microtubule growth and shrinkage appears to occur exclusively at the plus end (Maddox et al. 2000) . Because the yeast nuclear envelope does not break down, the SPB is embedded in the nuclear envelope throughout the cell cycle. The SPB nucleates three populations of yeast microtubules that facilitate proper chromosome segregation ( Figure 1 ). In the cytoplasm, astral microtubules position the nucleus throughout the cell cycle. Within the nucleus, kinetochore microtubules attach to the kinetochore at their plus ends, and interpolar microtubules interdigitate to connect the poles and stabilize the spindle during mitosis. The zone of overlap between interpolar microtubules is called the spindle midzone; a number of proteins specifically localize to the midzone to facilitate spindle assembly and disassembly.
Stages of chromosome alignment and segregation
Yeast kinetochores are assembled and bind to microtubules for almost the entire cell cycle, with the exception of a brief window during S phase when they disassemble and rapidly reassemble ). This may be the time when the replication fork travels through the centromere, although this has not yet been directly tested. Yeast kinetochores thus cluster near the spindle pole for most of the cell cycle (Heath 1980; Jin et al. 2000; Kitamura et al. 2007 ). This proximity led to the initial identification of many kinetochore components through SPB purifications (Wigge et al. 1998) . Each budding yeast kinetochore binds to a single microtubule (Winey et al. 1995) , which greatly simplifies studies because a kinetochore is either attached or unattached to a microtubule at any given time. In contrast, most eukaryotic kinetochores have from 3 to 30 microtubule binding sites, which can be partially occupied (Walczak et al. 2010) . Replication creates sister chromatids, which become physically linked together by protein complexes called cohesin (Oliveira and Nasmyth 2010) . Proper segregation requires sister kinetochores to biorient and attach to microtubules from opposite poles (Tanaka 2010) . Once every pair of chromosomes biorients, the linkage between the sister chromatids is destroyed and the spindle physically pulls sister chromatids to opposite poles.
The small size of the yeast nucleus and difficulty in visualizing yeast chromosomes by microscopy makes it difficult to directly examine the steps of chromosome segregation. The assays used to examine the process therefore require cells to be arrested in conditions that may or may not reflect the normal course of events (Tanaka et al. 2005) . Regardless, these studies revealed that budding yeast appear to initially make lateral attachments to the sides of microtubules like other eukaryotes ( Figure 2A ) (Hayden et al. 1990; Merdes and De Mey 1990; Rieder and Alexander 1990; Tanaka et al. 2005) . Kinetochores appear to also directly nucleate microtubules, which may facilitate the capture of microtubules emanating from poles in yeast (Kitamura et al. 2010) . Laterally attached yeast kinetochores are subsequently transported poleward by motor proteins and regulators where they become attached to the end of microtubules ( Figure 2B ) (Tanaka et al. 2005) . Although motor-driven transport toward the pole is often slower than microtubule disassembly, the kinetochores do not detach from the microtubules. Instead, the kinetochore either establishes an end-on attachment when it meets the microtubule ( Figure 2B ) or else it promotes rescue of the shrinking microtubule. In this way, the kinetochore ensures that it stays bound until a proper end-on attachment can be achieved. Rescue is mediated by the Stu2 protein (XMAP215/Dis), which binds to tubulin dimers via TOG domains and facilitates microtubule growth (Wang and Huffaker 1997; Al-Bassam et al. 2006; Brouhard et al. 2008) . Stu2 also helps kinetochores nucleate microtubules, a feature that appears to help establish lateral attachments through microtubule-microtubule interactions that are eventually converted to plus end attachments at the kinetochores (Kitamura et al. 2010; Tanaka 2010) . Once the kinetochores travel back to the pole, the sister kinetochores make bioriented attachments to the tips of microtubules and come under tension due to pulling forces that are opposed by the linkage between the sisters (Figure 2, C and D). The kinetochores then maintain persistent load-bearing attachments to the continually growing and shrinking tips of the microtubules.
Establishing kinetochore biorientation
The process of making bioriented kinetochore-microtubule attachments is inherently error prone (Nicklas 1997) . Kinetochores can make syntelic attachments where both sisters attach to microtubules from the same pole or monotelic attachments in which one of the two sister kinetochores attaches to a microtubule from one pole (Figure 3 ). Most eukaryotic kinetochores can also make merotelic attachments where a single kinetochore binds to microtubules from both poles (Cimini 2008 ), but this is not possible in budding yeast where there is only one microtubule-binding site on each kinetochore (Winey et al. 1995) . Because syntelic or monooriented attachments will lead to errors in segregation, the cell has mechanisms to detect and correct inappropriate microtubule attachments. A variety of evidence suggests that the cell monitors the tension generated when sister kinetochores achieve biorientation (Nicklas and Koch 1969; Nicklas 1997) . When kinetochores lack tension, the conserved Aurora B protein kinase phosphorylates kinetochore proteins (discussed below, kinetochore biorientation), leading to their release from microtubules so the cell can attempt biorientation again (Biggins et al. 1999; Cheeseman et al. 2002; Tanaka et al. 2002) . In addition, tension prolongs the lifetime of kinetochore-microtubule interactions in vitro, suggesting that tension directly stabilizes microtubule attachments (Franck et al. 2007; Akiyoshi et al. 2010) . Elegant computer modeling supports the role of tension in stabilizing attachments (Gardner et al. 2005) .
Once all kinetochores biorient, the cohesin between sisters is cleaved, allowing the chromosomes to be separated and moved to the poles at anaphase. If even a single pair of chromosomes lacks tension or attachment, a signal transduction system called the spindle checkpoint prevents anaphase (Zich and Hardwick 2010; Murray 2011; Musacchio 2011) . To date, it is still controversial whether there is a single upstream signal that triggers the checkpoint or whether tension and attachment are separately monitored (discussed below, The Spindle Checkpoint).
Assays to study yeast chromosome segregation

Cytological assays
Historically, one of the greatest difficulties in studying yeast chromosome segregation has been that the 16 budding yeast chromosomes cannot be distinguished by classical cytological techniques. Instead, they appear as a single amorphous nuclear mass that splits into two at anaphase when stained with dyes. This makes it impossible to monitor the fate of sister chromatids at anaphase and to determine whether individual chromosomes are attached or unattached to microtubules. One of the biggest technical advances was the development of a system to fluorescently mark individual chromosomes with a GFP tag in vivo (Straight et al. 1996; Michaelis et al. 1997) . These systems exploit the ability to integrate tandem arrays of lactose or tetracycline operators from bacteria into the yeast genome into strainscontaining GFP fusions to the lactose or tetracycline repressors, respectively. The GFP fusions bind to the operators and fluorescently mark the chromosomal locus, and the operators can be easily moved to any genomic position using homologous recombination. This technique revealed that yeast chromosome arms are held in close proximity until anaphase (Straight et al. 1996; Goshima and Yanagida 2000; He et al. 2000; Tanaka et al. 2000; Pearson et al. 2001) . However, centromeres transiently separate and reassociate prior to anaphase, and this splitting can be detected with probes integrated up to 38 kb from the centromere (Goshima and Yanagida 2000; He et al. 2000; Pearson et al. 2001) . Because the splitting depends on microtubules and its frequency increases as the probe is moved toward the centromere, it is presumably generated by microtubule pulling forces on bioriented kinetochores. Fluorescently marking a single centromere is therefore a powerful technique to monitor the kinetics of biorientation and separation to the poles.
GFP fusions to kinetochore proteins have been another major advance in assaying kinetochore function. Although this technique means that all kinetochores are marked Figure 1 Key structures that mediate chromosome segregation. A cartoon of a budding yeast cell shows three populations of microtubules in green (astral, kinetochore, and interpolar) that emanate from the spindle pole bodies (SPBs). The nucleus is shown in blue with SPBs embedded in its nuclear envelope (black) and the kinetochores on the chromosomes are shown in red.
rather than individual sisters, it is informative because yeast kinetochores cluster. A tagged kinetochore protein exhibits a single fluorescent focus prior to biorientation that splits into two foci upon biorientation (Goshima and Yanagida 2000; He et al. 2000; Pearson et al. 2001) . When anaphase ensues, the foci move to opposite poles as the spindle elongates. However, if kinetochore function is disrupted, the GFP foci often have a reduced intensity due to a decreased association with the centromere, and the kinetochores often decluster because they detach from microtubules (Pinsky et al. 2006) . In this case, it is obvious that the kinetochores no longer colocalize with microtubules. The disadvantage to this assay is that it is currently impossible to know whether a GFP focus represents one or more kinetochores, so the fate of a pair of sister chromatids cannot be monitored.
Genetic and genomic assays
There are also a number of genetic and genomic assays for kinetochore function. Chromatin immunoprecipitation (ChIP) assays and ChIP-sequencing techniques clearly determine if a protein is associated with the centromere, an issue that was difficult to confirm in the past (Meluh and Koshland 1995; Lefrancois et al. 2009; Krassovsky et al. 2012) . A fruitful genetic assay exploits the ability to monitor the segregation of a nonessential ectopic chromosome containing a centromere by colony color (Koshland and Hieter 1987; Shero et al. 1991) . This sectoring assay has been used in numerous screens to identify segregation genes and to quantify chromosome loss rates in mutant strains (Spencer et al. 1990; Doheny et al. 1993; Warren et al. 2002 ). Another useful assay is a conditional dicentric assay where a second centromere is integrated into the chromosome (Hill and Bloom 1987) . Although dicentric chromosomes are normally unstable and lost during cell division, the galactose promoter controls the second centromere in this assay and transcription through the centromere abolishes its function. When the cells are shifted into glucose, transcription through the centromere is halted allowing a second kinetochore to form, which can subsequently be assayed for the de novo assembly of kinetochore proteins and other kinetochore functions (Tanaka et al. 1999; Mythreye and Bloom 2003; Collins et al. 2005) . One-hybrid assays can also identify kinetochore proteins (Ortiz et al. 1999) .
Biochemical, structural, and biophysical assays
While studies in vivo have been essential for the identification of kinetochore components and functions, dissecting the underlying mechanism of chromosome movement depends on experiments in vitro that allow individual events to be monitored and manipulated (Akiyoshi and Biggins 2012; Umbreit and Davis 2012) . A number of biochemical and biophysical assays for kinetochore function have therefore been developed. Gel shift assays using centromeric DNA originally identified the inner centromere binding proteins (Lechner and Carbon 1991) . "Minimal" kinetochores containing centromeric DNA and some inner kinetochore proteins have helped to dissect functions (Kingsbury and Koshland 1991; Sorger et al. 1994; Biggins et al. 1999; Sandall et al. 2006) , and large kinetochore particles were recently isolated (Akiyoshi et al. 2010) . In the past decade, the development of biophysical assays to analyze the functions of both individual subcomplexes and larger kinetochore assemblies has led to major mechanistic insights . The use of total internal reflection microscopy (TIRF) allows complexes to be visualized at the single particle level in the presence or absence of microtubules. Optical trapping is powerful because tension can be applied to linkages between complexes and microtubules, mimicking the forces that kinetochores sustain in vivo (Asbury et al. 2006; Grishchuk et al. 2008a; Franck et al. 2010) . Finally, structural biology has played a key role in elucidating the organization and The kinetochore initially makes a lateral attachment to a microtubule. (B) The kinetochore is transported toward the pole. The transport can either be mediated by motor and regulatory proteins (left), or the microtubule can depolymerize until the kinetochore is attached to the end of the microtubule (right). Note that sometimes the microtubule polymerizes to prevent the kinetochore from detaching if a proper end-on attachment is not made. (C) Once the chromosomes are near the pole, the sister kinetochores attach to microtubules from opposite poles. (D) The sister kinetochores make stable, bioriented attachments that are under tension until anaphase is initiated.
architecture of many kinetochore assemblies, including the two major microtubule binding complexes in the yeast kinetochore (Miranda et al. 2005; Wei et al. 2005 Wei et al. , 2006 Wei et al. , 2007 Westermann et al. 2005 Westermann et al. , 2006 Wang et al. 2007 Wang et al. , 2008 Maskell et al. 2010; Hornung et al. 2011) .
The Centromere
Centromere structure
The budding yeast centromere was first identified by its ability to confer mitotic and meiotic stability to a plasmid (Clarke and Carbon 1980) . In contrast to most eukaryotic centromeres that span megabases of DNA (Burrack and Berman 2012) , the functional yeast centromere is defined by a 200-bp nuclease resistant region containing a 125-bp "point" centromere, with regularly spaced nucleosomes positioned on either side (Bloom and Carbon 1982; FitzgeraldHayes et al. 1982; Clarke and Carbon 1985) . There are three conserved centromere-determining elements (CDE): an 8-bp palindrome called CDEI, a 78-to 86-bp stretch of AT-rich (.90%) DNA called CDEII, and a conserved 26-bp element called CDEIII (Figure 4 ) (Clarke 1998) . Although most eukaryotic centromeres are maintained epigenetically (Black et al. 2010; Henikoff and Furuyama 2010) , yeast centromeres are genetically specified by DNA sequence. The CDEI consensus sequence (PuTCACPuTG) binds to the helix-loop-helix protein Cbf1 (Cai and Davis 1989; Baker and Masison 1990; Cai and Davis 1990) , a transcription factor that also binds to other elements throughout the genome. CDE1 and Cbf1 contribute to kinetochore function but are not essential. The CDEIII consensus (TGTTT(T/A) TGNTTTCCGAAANNNAAAAA) binds to the CBF3 complex via a conserved CCG motif that is essential for centromere function (Jehn et al. 1991; Lechner and Carbon 1991) . The small size and sequence specificity of the budding yeast centromere has made yeast a powerful organism for its study because the sequences can be easily mutated to identify the important functional regions. It also facilitates techniques such as ChIP, which cannot be easily performed on the highly repetitive centromeres in other organisms. In addition, the centromere can be moved to other genomic regions, allowing the construction of artificial chromosomes and plasmids as well as tools such as conditional centromeres (Murray and Szostak 1983; Hill and Bloom 1989) .
Like other eukaryotes, the budding yeast centromere replicates early in S phase (McCarroll and Fangman 1988) . The early replication is due to the presence of the centromere, but it is not yet known what aspect of the centromere or kinetochore dictates early origin activity (Pohl et al. 2012) . While it is not yet clear whether early centromere replication is important for subsequent kinetochore function, one possibility is that it ensures that the kinetochore has enough time to assemble prior to mitosis. This might be especially important in budding yeast where there is no clear G2 phase of the cell cycle, resulting in little time for kinetochore assembly prior to mitosis .
Most eukaryotic centromeres contain arrays of canonical and specialized centromereic nucleosomes that are embedded in pericentric heterochromatin (Choo 2001; Kniola et al. 2001) . Budding yeast lack many of the characteristic hallmarks of pericentric heterochromatin, including histone H3-K9 methylation and the associated transcriptional silencing of genes. However, similar to other eukaryotes, cohesin is enriched within a 20-to 50-kb domain around centromeres (Blat and Kleckner 1999; Glynn et al. 2004; Weber et al. 2004) . Strikingly, the pericentric cohesins in budding yeast appear to be arranged as a cyclindrical array around the spindle (Yeh et al. 2008) , which may be due to the formation of an intramolecular C loop on each sister chromatid that extends 25 kb (Yeh et al. 2008) . Cohesin would therefore encircle a single chromatid rather than sisters in this region, resolving the apparent "cohesin" paradox where the highest levels of cohesin reside in the areas that are physically split at metaphase. At least one function of pericentric cohesion is to facilitate kinetochore biorientation by resisting the pulling forces of microtubules and/or by promoting the architecture of sister kinetochores (Eckert et al. 2007; Fernius and Marston 2009; Ng et al. 2009; Bloom and Joglekar 2010) . Consistent with this, the geometry and elasticity of the pericentromere and inner kinetochore can change in response to alterations in microtubule dynamics (Haase et al. 2012; Stephens et al. 2013) . These properties are regulated by the Bub1 and Sgo1 proteins as well as various chromatin-remodeling complexes (Haase et al. 2012; Verdaasdonk et al. 2012) . While heterochromatin recruits pericentric cohesin in some organisms (Bernard et al. 2001; Fukagawa et al. 2004) , components of the kinetochore itself direct cohesion enrichment in budding yeast (Megee et al. 1999; Tanaka et al. 1999; Weber et al. 2004; Eckert et al. 2007; Fernius and Marston 2009; Ng et al. 2009; Fernius et al. 2013) .
The pericentromere also contributes to segregation by localizing key regulators of kinetochore biorientation and the checkpoint. The Bub1 kinase, originally identified as a spindle checkpoint protein (see below), phosphorylates H2A in the pericentromeres (Hoyt et al. 1991; Kawashima et al. 2010; Yamagishi et al. 2010) . This phosphorylation recruits the Sgo1 protein that facilitates kinetochore biorientation and the spindle checkpoint when kinetochores lack tension (Indjeian et al. 2005; Kitajima et al. 2005; Fernius and Hardwick 2007; Indjeian and Murray 2007) . In most organisms, the Haspin kinase phosphorylates H3 to recruit the chromosome passenger complex (CPC), which contains the Aurora B protein kinase that regulates biorientation and the checkpoint (Dai et al. 2005; Kelly et al. 2010) . However, the budding yeast Haspin kinases, Alk1 and Alk2, are not known to have a role in chromosome segregation. The CPC may act in a distinct pathway from Bub1 and Sgo1 in budding yeast (Storchova et al. 2011) , and it is still unclear how it is recruited to budding yeast pericentromeres.
Budding yeast centromeres have a defined centromeric DNA sequence, leading to the assumption that epigenetic mechanisms do not contribute to their propagation. However, at least two findings using the conditional centromere suggest there is an epigenetic component. First, cohesin enrichment around centromeres exhibits a greater dependence on kinetochore function in newly activated conditional centromeres than previously established endogenous centromeres (Tanaka et al. 1999) . This observation suggests that cohesin levels are maintained at least in part by an epigenetic mechanism. Second, the Chl4 kinetochore protein is required for the function of a newly established kinetochore but not a previously formed kinetochore (Mythreye and Bloom 2003) , suggesting that epigenetic signals allow cells to bypass the need for Chl4 at established kinetochores. The underlying mechanisms for these observations are not yet known.
Centromeric chromatin
A hallmark of all eukaryotic centromeres is a specialized chromatin structure (Carroll and Straight 2006) . Classical chromatin mapping experiments showed that the budding yeast centromere contains a 160-to 220-bp nuclease resistant core flanked by positioned nucleosomes (Bloom and Carbon 1982; Bloom et al. 1984) . While most of the chromosome contains nucleosomes made of histone octamers composed of two copies of H2A, H2B, H3, and H4 wrapped by two turns of DNA, centromeres contain a specialized nucleosome where H3 is replaced by a histone H3 variant originally named CENP-A (Earnshaw and Rothfield 1985; Palmer et al. 1987) . The budding yeast centromeric histone H3 variant is Cse4 and was initially shown to localize to the centromere by ChIP experiments (Stoler et al. 1995; Meluh et al. 1998 ). Higher resolution techniques later determined that there is a single, well-positioned nucleosome containing Cse4 that resides over CDEII (Furuyama and Biggins 2007; Lefrancois et al. 2009; Cole et al. 2011; Krassovsky et al. 2012) . There are also additional Cse4 molecules around centromeres (Coffman et al. 2011; Lawrimore et al. 2011; Lefrancois et al. 2013) , and a challenge for the field is to determine the properties and number of Cse4 nucleosomes that contribute to kinetochore assembly and function. Cse4 can also incorporate into euchromatin, especially at sites of high histone turnover (Collins et al. 2004; Lefrancois et al. 2009; Krassovsky et al. 2012 ). Cse4 does not stably incorporate into euchromatin because its protein levels are tightly controlled by proteolysis via the Psh1 E3 ubiquitin ligase and additional mechanisms (Collins et al. 2004; Hewawasam et al. 2010; Ranjitkar et al. 2010; Au et al. 2013) . In the absence of proteolysis, Cse4 levels increase and its overexpression in these cells leads to mislocalization throughout euchromatin and subsequent lethality.
Like all histones, Cse4 is recognized and deposited into chromatin by a histone chaperone called Scm3 in budding yeast (HJURP in human cells) (Stoler et al. 2007; Dunleavy et al. 2009; Foltz et al. 2009 ). Scm3 recognizes Cse4 through the centromere-targeting domain (CATD) in the histone fold and mediates its incorporation into chromatin in vivo and in vitro (Camahort et al. 2007; Shivaraju et al. 2011) . Scm3 also interacts with the Ndc10 component of the CBF3 complex, which can explain the specific deposition of Cse4 at centromeres (Camahort et al. 2007 ). It is not yet known what chaperone incorporates Cse4 into euchromatin. In most organisms, CENP-A is deposited in G1 when Cdk1 activity is low (Jansen et al. 2007; Silva et al. 2012) , and the Figure 4 Schematic of the yeast centromere. The conserved structure is 120 bp and contains three elements, CDEI, CDEII, and CDEIII. CDE1 is 8-10 bp and binds to the Cbf1 protein. CDEIII is 26 bp and binds to the CBF3 complex that consists of Ndc10, Cep3, Ctf13, and Skp1. The CDEII element is AT rich and wraps around the centromeric nucleosome.
timing of Cse4 deposition is probably similar. Fluorescence recovery after photobleaching (FRAP) experiments showed it is deposited during late G1 or early S phase (Pearson et al. 2004) . Although it was reported that Cse4 is also deposited during anaphase (Shivaraju et al. 2012) , the marker used for anaphase may not distinguish between late anaphase and G1. Consistent with this, other groups have not observed anaphase incorporation (Pearson et al. 2004; Coffman et al. 2011; Lawrimore et al. 2011) .
Although Cse4 is an essential component of centromeric chromatin, the precise composition of the Cse4 nucleosome is controversial (Henikoff and Furuyama 2012) . Cse4 is released from minichromosomes in 0.3 M NaCl, conditions that do not affect the binding of canonical H3 to DNA (Akiyoshi et al. 2009b ). In addition, Cse4 protects a smaller region of DNA at the centromere than a traditional H3 octamer when treated with the enzyme micrococcal nuclease (MNase), suggesting that the centromeric nucleosome is atypical (Cole et al. 2011; Krassovsky et al. 2012) . Consistent with this, it has been proposed that the centromeric nucleosome might exist as a hemisome (containing a single copy of H2A, H2B, CENP-A, and H4) for at least a portion of the cell cycle (Dalal et al. 2007; Dimitriadis et al. 2010; Shivaraju et al. 2012) . This was further supported by the observation that centromeric nucleosomes induce positive supercoiling at centromeres in vivo (Furuyama and Henikoff 2009) , which has been observed in archaeal tetrameric nucleosomes and is not compatible with the presence of negatively supercoiled histone octamers (Musgrave et al. 1991) . However, alternative structures have also been proposed that could explain the smaller protected region of centromeric DNA. One posited that centromeric nucleosomes completely lack H2A and H2B and instead contain two copies of Scm3 (Mizuguchi et al. 2007 ). The demonstration that Scm3 is a chaperone for Cse4/H4 and that Cse4/ H4 cannot simultaneously bind to DNA and Scm3 eliminated this model (Cho and Harrison 2011; Dechassa et al. 2011; Shivaraju et al. 2011; Xiao et al. 2011; Zhou et al. 2011) . In a revised model, the centromeric nucleosome was proposed to be a tetramer containing two copies of Cse4 and H4 and completely lacking H2A and H2B (Xiao et al. 2011) . However, H2A and H2B have been detected at centromeres making this model less likely (Krassovsky et al. 2012; Lochmann and Ivanov 2012; Shivaraju et al. 2012) . Although H3 was also reported to localize to centromeres in budding yeast (Lochmann and Ivanov 2012) , the region of DNA analyzed was large enough to contain two nucleosomes so the H3 detected may be in the neighboring nucleosome rather than the centromeric nucleosome. Consistent with this, depletion of H3 in budding yeast has little effect on kinetochore function compared to H4 depletion or H2A mutations that lead to defects in kinetochore-microtubule attachments (Pinto and Winston 2000; Bouck and Bloom 2007; Verdaasdonk et al. 2012) . Together, these data suggest that H3 does not reside at the point centromere, although it is important for accurate segregation through its role in recruiting Sgo1 to the pericentromere and facilitating inner kinetochore function (Luo et al. 2010; Verdaasdonk et al. 2012) . Finally, it was argued that Cse4 is part of an octameric nucleosome at the centromere based on sequential immunoprecipitation experiments, but the starting material for these experiments was not pure mononucleosomes (Camahort et al. 2009 ). Therefore, the ability to detect octamers could be due to Cse4 incorporation into neighboring euchromatin. Recently, it was reported that Cse4 exists as a hemisome for most of the cell cycle and then transitions into an octamer at anaphase (Shivaraju et al. 2012) . Although this model is attractive because it would reconcile different findings, none of the experiments in this manuscript directly measure Cse4 incorporation into nucleosomes. Instead, these conclusions are based on fluorescence correlation microscopy measurements that may reflect changes in the positioning of kinetochores at anaphase, as well as sequential immunoprecipitations that were not internally consistent because doubling of the H2A histone was not observed when Cse4 doubled (Shivaraju et al. 2012) . In sum, the composition of the centromeric nucleosome is still unclear although many of its properties are clearly different from canonical nucleosomes. Because kinetochores may alter the accessibility of the centromeric nucleosome to MNase, affect crosslinking accessibility, or change the wrap of DNA, settling the debate requires that assays be performed on the centromeric nucleosome in vivo in the absence of the kinetochore. Cse4 octameric nucleosomes and hemisomes can both be assembled in vitro (Mizuguchi et al. 2007; Camahort et al. 2009; Dechassa et al. 2011; Kingston et al. 2011; Furuyama et al. 2013) . Resolving the structure therefore requires studies on centromeric nucleosomes isolated from cells, but there is no current way to isolate them in the absence of the kinetochore. In the future, it will be critical to apply higher resolution techniques to assay the material at the centromere or to develop a method to isolate the centromeric nucleosomes specifically from the kinetochore, to fully understand their composition. Ultimately, the key issue is to understand how the structure of the centromeric nucleosome specifies and contributes to the assembly and functions of the kinetochore.
Composition of the Budding Yeast Kinetochore
All kinetochores are composed of a number of distinct subcomplexes that can be reconstituted from recombinant proteins or purified from cells as individual complexes (Table 1) . While the overall sequence similarity of kinetochore proteins is highly divergent, there is often strong conservation of three-dimensional structure and function of the complexes. In budding yeast, stable subcomplexes that make up the "core" kinetochore include the conserved Ndc80, KNL1/Spc105, Mtw1/MIND/Mis12, COMA/Ctf19, CENP-T, CENP-W, and Cse4 complexes, as well as the yeast-specific Dam1/DASH/DDD and CBF3 complexes. In addition, there are many more conserved proteins, such as motors and spindle checkpoint proteins, which associate with kinetochores depending on the purification conditions and cell cycle stage. Because distinct subcomplexes can be individually purified, it has been suggested that the kinetochore is assembled in a hierarchal manner on centromeric DNA (De Wulf et al. 2003) . However, it is still unclear how and where the various subcomplexes assemble into larger complexes to form a kinetochore. Because artificial kinetochores can be formed by tethering the Dam1 or CENP-T complexes to ectopic sites (in the absence of a centromeric nucleosome) (Kiermaier et al. 2009; Lacefield et al. 2009; Schleiffer et al. 2012) , the minimal requirements for kinetochore assembly are unclear. While the yeast kinetochore is often suggested to contain three domains (inner, middle, and outer), I refer to proteins as either "inner" to reflect those close to the chromatin or "outer" to reflect roles in mediating microtubule attachment.
Inner centromere binding proteins
The "inner centromere" proteins are those that are most closely associated with centromeric chromatin. Purification of CENP-A and other inner centromere proteins in vertebrates identified a network of associated components that were collectively termed the constitutive centromere associated network ( CBF3: The CBF3 complex was the first yeast kinetochore subcomplex identified due to its sequence-specific binding activity for centromeric DNA sequences containing CDEIII (Ng and Carbon 1987; Lechner and Carbon 1991; Sorger et al. 1995) . The complex contains four essential proteins that are most commonly referred to as Ndc10 (Cbf3a/ Cbf2/Ctf14/p110) (Doheny et al. 1993; Goh and Kilmartin 1993; Jiang et al. 1993) , Cep3 (Cbf3b/p64) (Lechner 1994; Strunnikov et al. 1995) , Ctf13 (Cbf3c/p58) (Doheny et al. 1993) , and Skp1 (Cbf3/p19) (Connelly and Hieter 1996; Stemmann and Lechner 1996) . Cep3 has a Zinc-cluster motif found in transcription factors (Dhawale and Lane 1993; Strunnikov et al. 1995; Schjerling and Holmberg 1996) and Ndc10 was recently shown to have structural similarity to tyrosine DNA recombinases (Cho and Harrison 2012; Perriches and Singleton 2012) , although it does not exhibit catalytic activity or DNA base sequence specificity. Consistent with this, Ndc10 (in the absence of CBF3) can also bind to the CDEII element in vitro as well as other genomic regions that are AT rich, although these activities are not known to be relevant to CBF3 assembly in vivo (Espelin et al. 2003) . The stoichiometry of the CBF3 complex bound to centromeres appears to consist of a Cep3 homodimer, a Skp1-Ctf13 heterodimer, and an Ndc10 homodimer (Espelin et al. 1997; Pietrasanta et al. 1999; Russell et al. 1999; Cho and Harrison 2012) (Figure 4) . The minimal CBF3 binding region in vitro is a 57-bp core that covers CDEIII and additional base pairs on the right side of the element (Ng and Carbon 1987; Lechner and Carbon 1991; Sorger et al. 1995; Cho and Harrison 2012 ). Cep3 appears to contact the essential CCG motif in CDEIII, consistent with its similarity to transcription factors containing Zn 2 Cys 6 clusters (Espelin et al. 1997; Purvis and Singleton 2008) . Recent structural studies on Ndc10 reveal that the dimer binds to independent DNA fragments, leading to the model that it might stabilize a loop at the centromere (Cho and Harrison 2012 and see below) . This is consistent with the observation of bending of the DNA upon CBF3 binding by atomic force microscopy (Pietrasanta et al. 1999) .
The assembly of the CBF3 complex is highly regulated in vivo and there has been more work on its assembly than any other yeast kinetochore subcomplex. Data suggest that the complex assembles prior to binding to DNA (Lechner and Carbon 1991; Russell et al. 1999) . Ctf13 must be "activated" to form a functional CBF3 complex. The activation process requires binding to Skp1, a protein that is also a component of the SCF ubiquitin ligase complex (Bai et al. 1996; Connelly and Hieter 1996; Kaplan et al. 1997) . Although the activation process was initially thought to require Ctf13 phosphorylation by a Skp1-interacting kinase , later work showed that phosphorylation is not required for CBF3 assembly on centromeres (Stemmann et al. 2002) . Instead, an Hsp90-Sgt1 co-chaperone complex binds to Skp1, which enhances Skp1 binding to Ctf13 (Stemmann et al. 2002; Bansal et al. 2004; Rodrigo-Brenni et al. 2004 ). Hsp90 and Sgt1 are not core kinetochore components and only transiently associate with Ctf13. Although a variety of complexes containing these components exist, the relevant intermediate complexes that form in vivo to generate activated Ctf13 are not known. Once Ctf13 is activated by Skp1, a complex containing Cep3, Ctf13, and Skp1 assembles rapidly in vivo, and the rate-limiting step in CBF3 formation is the addition of Ndc10 (Russell et al. 1999; Rodrigo-Brenni et al. 2004) . At this time, it is still not known what precise changes occur to activate Ctf13 to allow it to form in CBF3. Because cells can form active CBF3 complexes throughout the cell cycle (Rodrigo-Brenni et al. 2004) , there is careful control over the total levels of the complex via Ctf13 proteolysis . When Ctf13 does not form a complex with Cep3, it is degraded in a Skp1-dependent manner Russell et al. 1999) . Ctf13 has an F-box that binds to Skp1, consistent with its role as both an SCF scaffold and a substrate (Zhou and Howley 1998; Galan and Peter 1999) . This likely (Meluh and Koshland 1995) CENP-C Cse4 (Meluh et al. 1998) CENP-A Ctf19 (Ortiz et al. 1999) CENP-P Okp1 (Ortiz et al. 1999) CENP-Q Mcm21 (Ortiz et al. 1999) CENP-O Ame1 (De Wulf et al. 2003) CENP-U Chl4 (Mythreye and Bloom 2003; Pot et al. 2003) CENP-N Cnn1 (De Wulf et al. 2003) CENP-T Wip1 (Schleiffer et al. 2012) CENP-W Mhf1 (Schleiffer et al. 2012) CEN-S Mhf2 (Schleiffer et al. 2012) CENP-X Mcm16 (Measday et al. 2002) CENP-H Ctf3 (Measday et al. 2002) CENP-I Mcm22 (Measday et al. 2002) CENP-K Iml3/Mcm19 (Pot et al. 2003) CENP-L Nkp1 (Cheeseman et al. 2002) Nkp2 (Cheeseman et al. 2002) Ybp2 (Ohkuni et al. 2008 Kip1 (Tytell and Sorger 2006) BimC family Kip3 (Tytell and Sorger 2006) Kinesin-8 Cin8 Kinesin-5 Kar3 (Tanaka et al. 2005) Kinesin-14 MAPS Slk19 (Zeng et al. 1999) Bik1 CLIP-170 Stu1 ) CLASP Stu2 XMAP215
References are for the initial localization of the component to the kinetochore.
prevents accumulation of misassembled complexes, a behavior associated with many Hsp90 clients. Once CBF3 associates with the centromere, it is stably bound (Espelin et al. 1997) . In fact, even when soluble CBF3 complexes cannot form due to defects in the assembly pathway, previously associated centromere-bound CBF3 is stable (Rodrigo-Brenni et al. 2004) . Consistent with this, the ndc10-1 mutation that is commonly used to prevent kinetochore assembly requires that cells go through S phase to remove the mutant CBF3 complexes from the centromere (Poddar et al. 2004) . At this time, there is no additional structural data on larger assemblies of the CBF3 complex. A major challenge for the future is to understand precisely how the components of the CBF3 complex interact with each other and how the entire complex binds to DNA to nucleate kinetochore assembly.
CCAN components: Mif2 Additional budding yeast inner centromere proteins include many orthologs of the vertebrate CCAN (see Table 1 ). Because the sequence identity is very low, many of these proteins were not identified as CCAN components until very recently (Schleiffer et al. 2012 ). One of the major conserved components is Mif2, the budding yeast ortholog of CENP-C, an essential inner kinetochore protein (Earnshaw and Rothfield 1985; MeeksWagner et al. 1986; Brown 1995; Meluh and Koshland 1995) . Mif2 dimerizes and fluorescence measurements in vivo suggest that a single Mif2 dimer binds to each centromere at CDEIII Koshland 1995, 1997; Ortiz et al. 1999; Joglekar et al. 2006; Cohen et al. 2008) . Mif2 can bind to CDEIII directly in vitro in a manner that requires a stretch of A:T bases instead of the CCG motif required for CBF3 binding (Cohen et al. 2008) . While vertebrate CENP-C binds to CENP-A nucleosomes in vitro (Carroll et al. 2010) , less is known about the precise manner in which Mif2 binds to the yeast centromere. The Cse4 nucleosome co-purifies with Mif2 (Westermann et al. 2003) and the centromere localization of Mif2 requires both Cse4 and CBF3 (Meluh and Koshland 1997; Westermann et al. 2003) , consistent with the possibility that Mif2 recognizes an aspect of yeast centromeric nucleosome structure. Mif2 also requires a functional Mis12 complex for centromere localization (Westermann et al. 2003) , similar to vertebrate requirements for CENP-C localization (Fukagawa et al. 2001) .
COMA and interacting proteins Additional components of the yeast inner kinetochore include the COMA subcomplex (Ctf19, Okp1, Mcm21 and Ame1), as well as many additional interacting proteins (see Table 1 ) (Kroll et al. 1996; Sanyal et al. 1998; Hyland et al. 1999; Ortiz et al. 1999; Poddar et al. 1999; Cheeseman et al. 2002; Measday et al. 2002; De Wulf et al. 2003; Pot et al. 2003; Ohkuni et al. 2008; Schleiffer et al. 2012) . With the exception of Okp1 and Ame1, most of these proteins are nonessential and may have redundant functions. A Ctf19/Mcm21 crystal structure of recombinant Kluyveromyces lactis proteins has been solved and shows that each protein contains double "RWD" domains that are interaction motifs in a variety of proteins (Nameki et al. 2004; Schmitzberger and Harrison 2012) . Four of the CCAN components contain histone fold domains (HFD) that form two subcomplexes: Cnn1/Wip1 (orthologs of CENP-T/W) and Mhf1/Mhf2 (orthologs of CENP-S/X) (Bock et al. 2012; Schleiffer et al. 2012) . In vertebrates, these two complexes form a heterotetramer that contacts DNA, suggesting it may be a novel nucleosome-like structure at the centromere (Hori et al. 2008; Nishino et al. 2012) . However, it is not yet known whether these complexes form nucleosome-like structures in budding yeast, nor how they might be positioned relative to the centromeric nucleosome. In contrast to other organisms and yeast kinetochore proteins, the copy number of these proteins at the kinetochore appears to increase at anaphase (Bock et al. 2012; Schleiffer et al. 2012) . Cnn1 interacts with the outer kinetochore complex Ndc80, and recent evidence suggests that it may be a receptor for Ndc80 in anaphase (Bock et al. 2012; Schleiffer et al. 2012; Malvezzi et al. 2013) . Fluorescence microscopy measurements suggest there are approximately three COMA complexes that constitutively associate with the centromere (Joglekar et al. 2006) , but the relative stoichiometry of most of the other inner kinetochore CCAN components has not been analyzed.
Model for the inner kinetochore: Combined data from many studies has led to a potential model for inner kinetochore structure in yeast ( Figure 5 ) (Yeh et al. 2008; Cho and Harrison 2012) . A key aspect of the model is based on the observation that an Ndc10 dimer binds to independent DNA segments as well as to multiple kinetochore proteins through other domains (Cho and Harrison 2012) . Because Ndc10 binds to CDEIII as well the CDEI binding protein Cbf1, an attractive idea is that Ndc10 can loop the centromeric DNA so that CDEI and CDEIII are in proximity (Cho and Harrison 2012) . Cbf1 is nonessential, so Ndc10 may maintain this structure even in its absence. Ndc10 binds to the Cse4 chaperone, Scm3, through a different domain to localize the centromeric nucleosome (Camahort et al. 2007; Stoler et al. 2007; Cho and Harrison 2012) , and Ndc10 looping may help to position the centromeric DNA around the nucleosome. Cbf3 also recruits Mif2 and the other CCAN components, but their precise locations relative to CBF3 and the centromeric nucleosome core are not yet known. Together, these data explain why CBF3 is a key nucleating factor for the yeast kinetochore. Although other organisms do not have CBF3, the overall conservation of inner kinetochore proteins suggests similar functions. One possibility is that CCAN components have acquired CBF3 activities in other organisms. Consistent with this, the requirement for CBF3 function to stabilize minichromosomes can be bypassed in yeast by artificially tethering the Cnn1 (CENP-T) kinetochore protein to the minichromosome (Schleiffer et al. 2012) .
The CPC complex is also part of the inner kinetochore, although it is not a core kinetochore complex. Composed of the Ipl1 protein kinase (Aurora B), Sli15 (INCENP), Bir1 (Survivin), and Nbl1 (Borealin) proteins, this complex associates with kinetochores from G1 until anaphase (Widlund et al. 2006; Carmena et al. 2012) . The CPC association with the inner kinetochore is mediated via its interaction with CBF3 through Bir1 (Yoon and Carbon 1999; Sandall et al. 2006) , and a separate pool may be localized through binding COMA via Sli15 (Knockleby and Vogel 2009) . At anaphase, the CPC dissociates from the kinetochore and localizes to the spindle and spindle midzone. The dynamic localization of the CPC reflects its numerous functions in chromosome segregation, including kinetochore biorientation and spindle function (Carmena et al. 2012 and below) . While CPC association with the spindle requires dephosphorylation of the Sli15 microtubule-binding domain (Pereira and Schiebel 2003) , the mechanisms that control the timing of its localization to kinetochores and pericentromeric chromatin in budding yeast have not been elucidated.
Outer kinetochore proteins
The outer kinetochore contains the microtubule-binding activity and consists of the essential subcomplexes Mtw1/ Mis12/MIND, Spc105/Knl-1/Blinkin, Ndc80, Dam1/DASH/ DDD, as well as nonessential proteins such as motors and checkpoint components (Table 1) . For simplicity, I use the most common yeast complex names, Mis12, Spc105, and Dam1.
KMN:
The Mis12 (composed of Mtw1, Dsn1, Nnf1, and Nsl1 at a 1:1:1:1 stoichiometry (Euskirchen 2002; De Wulf et al. 2003; Nekrasov et al. 2003; Pinsky et al. 2003; Westermann et al. 2003; Maskell et al. 2010; Hornung et al. 2011) , Spc105 (composed of Spc105 and Ydr532/Kre28 at a 1:2 Spc105:Kre28 ratio (Nekrasov et al. 2003; Pagliuca et al. 2009 ) and Ndc80 (composed of a 1:1:1:1 ratio of Ndc80, Nuf2, Spc24, and Spc25 (Janke et al. 2001; Wigge and Kilmartin 2001; Ciferri et al. 2005; Wei et al. 2005) . Consistent with this, yeast mutants in KMN fail to make kinetochore-microtubule attachments (Wigge et al. 1998; Nekrasov et al. 2003; Pinsky et al. 2006; Pagliuca et al. 2009 ). The entire KMN complex is likely a 1:1:1 stoichiometry of Mis12, Ndc80, and Spc105 subcomplexes Joglekar et al. 2006) , although this has not been precisely determined in any organism. The Mis12 complex is composed of heterodimers of Mtw1/Nnf1 and Dsn1/Nsl1 (Maskell et al. 2010; Hornung et al. 2011 ) and does not exhibit microtubule binding activity on its own Hornung et al. 2011) . The complex is a 21-25 nm long elongated bilobed complex (Maskell et al. 2010; Hornung et al. 2011) . All four components appear to contribute to a larger globular domain at the head that is connected to an extended rod most likely composed of the Nnf1 and Mtw1 subunits (Maskell et al. 2010) . The Dsn1/Nsl1 heterodimer interacts directly with the globular C-terminal domains of the Ndc80 complex Spc24/25 heterodimer (Maskell et al. 2010) . The Spc105 complex has not been reconstituted so structural work on recombinant proteins has not been performed. Spc105 purified from yeast exhibits weak microtubule binding activity (Pagliuca et al. 2009 ). The microtubule binding activity within the ortholog KNL1 appears to be mediated by its N terminus Kiyomitsu et al. 2007; Pagliuca et al. 2009; Welburn et al. 2010 ). The C terminus of Spc105 interacts with the Mis12 complex, likely through multiple Mis12 components (Maskell et al. 2010) . In addition to contributing to KMN function, Spc105 also appears to be a scaffold for other outer kinetochore proteins. It recruits the Bub1 and Bub3 proteins to the kinetochore, and it may be a regulatory subunit for PP1 at the kinetochore (Kiyomitsu et al. 2007 (Kiyomitsu et al. , 2011 Liu et al. 2010; Rosenberg et al. 2011 ) (discussed below, The Spindle Checkpoint). The Ndc80 complex has two globular head domains that are connected by a long rod (Wei et al. 2005; Ciferri et al. 2008) . One head contains Nuf2 and Ndc80, which each contain positively charged calponinhomology domains (CH) that facilitate binding to the negative microtubule surface (Wei et al. 2005; Cheeseman et al. 2006; Wei et al. 2007; Ciferri et al. 2008) . CH domains have diverse functions and have been identified in other microtubule binding proteins (Hayashi and Ikura 2003; Dougherty et al. 2005 ). An unstructured N-terminal tail on Ndc80 enhances the microtubule binding activity of the complex (Wei et al. 2005; DeLuca et al. 2006; Wei et al. 2007; Ciferri et al. 2008; Miller et al. 2008; Alushin et al. 2010) , although it is not essential for yeast viability due to redundancy with Dam1 (Kemmler et al. 2009; Demirel et al. 2012; Lampert et al. 2013) . The interaction between Ndc80 and microtubules is largely electrostatic and requires the C-terminal tails of tubulin ). Spc24 and Spc25 fold into a single globular domain that links the Ndc80 complex to the kinetochore through the Mis12 complex (Wei et al. (2012), suggests that the Ndc10 homodimer within the CBF3 complex interacts with CDEI and CDEIII to loop the centromeric DNA. Ndc10 also recruits the Scm3 chaperone that deposits Cse4, leading to the specialized inner centromere structure.
2006). The Ndc80 coiled-coil rod is interrupted by a stretch of residues that are not predicted to form a coiled coil and appear to loop out, possibly facilitating a geometry needed for microtubule binding, tension sensing, and/or serving as a protein interaction motif (Wang et al. 2008 ). The loop is required to recruit the Dam1 complex to kinetochores in vivo (Maure et al. 2011 ), but it is not necessarily a direct binding site and the requirement may be due to a structural change that occurs when the loop is deleted. In other organisms, the loop has been implicated in interacting with the Ska1 complex, the Dis1/TOG/Stu2 protein, and the Cdt1 replication factor (Hsu and Toda 2011; Varma et al. 2012; Zhang et al. 2012) , so its precise role is unclear.
The major microtubule binding activity within KMN is via the Ndc80 globular N-terminal domain and its extension DeLuca et al. 2006; Wei et al. 2007; Ciferri et al. 2008; Powers et al. 2009; Alushin et al. 2010; Hornung et al. 2011; Sundin et al. 2011) . Although the Caenorhabditis elegans KMN enhances microtubule binding of the individual components in a cooperative manner, this has not been directly tested with yeast proteins due to the inability to purify recombinant Spc105 and reconstitute yeast KMN . The microtubule binding activity within the nematode KNL1 appears to be important for spindle checkpoint silencing in vivo rather than kinetochore-microtubule coupling activity (Espeut et al. 2012) . A goal for the future is therefore to determine how the Mis12 and Spc105 subcomplexes contribute to enhancing microtubule-binding activity. (Miranda et al. 2005) . Each protein is present at a single copy per complex and 16 complexes can assemble into a ring around microtubules in vitro in either orientation relative to the plus end (Miranda et al. 2005; Westermann et al. 2005; Wang et al. 2007; Ramey et al. 2011) . However, small oligomers and other larger Dam1 structures can also attach to microtubules, making it unclear which structures are relevant to activity in vivo (Gestaut et al. 2008; Grishchuk et al. 2008b) . At low concentrations, the Dam1 complex prefers to interact with microtubules through the C-terminal E-hook regions of tubulin (Westermann et al. 2005; Ramey et al. 2011) . The diameter of the ring is 50 nm and appears to interact with microtubules through electrostatic interactions via "arms" that extend from the Dam1 complex (Miranda et al. 2005; Westermann et al. 2005) . These interactions are at least partly mediated through the N terminus of Dam1 and possibly the Duo1 subunit, which also exhibits microtubule-binding activity (Hofmann et al. 1998; Cheeseman et al. 2001b; Wang et al. 2007; Ramey et al. 2011) . Although there are no atomic structures for any Dam1 components, cryo-EM analyses indicate that the complex does not appear to undergo major rearrangements upon forming a ring around the microtubule (Ramey et al. 2011) .
Other outer kinetochore proteins: Additional proteins that localize to the outer kinetochore include the Stu1 and Stu2 proteins (orthologs of the vertebrate CLASP and XMAP215/ Dis1 proteins) Ortiz et al. 2009; Kitamura et al. 2010) , the Slk19 protein (Zeng et al. 1999) , the Bik1 protein , and the four nuclear motor proteins, Kar3, Cin8, Kip1, and Kip3 (Tanaka et al. 2005; Tytell and Sorger 2006; Pagliuca et al. 2009 ). The localization of these proteins to kinetochores has been assayed by ChIP and/or microscopy, so it is difficult to determine how closely associated each protein is with the core kinetochore. In addition, these proteins are not core proteins that are part of the constitutive structure, but are instead regulatory proteins that associate transiently. Some of these proteins may reside at microtubule plus ends rather than bind directly to the kinetochore (Shimogawa et al. 2006 (Shimogawa et al. , 2010 , but resolution limits make it difficult to directly test this in budding yeast. Because many of these proteins may affect microtubule dynamics and/or kinetochore-microtubule interactions, it will be important to understand their roles at the kinetochore in the future. Additional regulatory proteins, such as the checkpoint proteins Mps1, Mad1, Mad2, Bub1, and Bub3, also associate with the outer kinetochore (see below, The Spindle Checkpoint).
Architecture of the kinetochore
While there has been significant progress identifying the components and structural details of kinetochore proteins and subcomplexes, the overall structural organization of the entire macromolecular complex is just beginning to be understood (Welburn and Cheeseman 2008; Alushin and Nogales 2011) . One unresolved issue is the precise copy number of each subcomplex within the kinetochore. The best estimates have been made using high-resolution fluorescence microscopy measurements, which clearly show that there are more outer than inner kinetochore subcomplexes (Joglekar et al. 2006) . However, the precise numbers are not clear because the initial estimates were based on the assumption that there is a single centromeric nucleosome with two copies of Cse4 (Joglekar et al. 2006) . In this case, the inner kinetochore complexes range from 1-2 copies (Mif2) to up to 16 copies of the outer kinetochore complexes (Dam1) (Joglekar et al. 2006) . KMN is estimated to be at 5-8 subcomplexes/kinetochore, consistent with EM data on isolated kinetochores showing 5-7 globular domains that may represent KMN (Joglekar et al. 2009; Gonen et al. 2012 ). However, if a different fluorescence standard is used, all kinetochore components are present at two-to threefold higher numbers, which greatly changes the overall size of the kinetochore (Lawrimore et al. 2011) .
A model of overall kinetochore organization was proposed, which was based on the wealth of existing biochemical and genetic interaction data, combined with elegant microscopy experiments that measured the average distances between kinetochore subcomplexes ( Figure 6A ) (Joglekar et al. 2009 ). First, the kinetochore is built upon a centromeric chromatin base that contains CBF3, Mif2, and other CCAN components. CENP-C/Mif2 interacts with the Mis12 subcomplex in other eukaryotes (Petrovic et al. 2010; Przewloka et al. 2011) , and this appears to be true in yeast (S. Westermann, personal communication). The COMA inner kinetochore complex also binds to Mis12, providing an additional bridge between centromeric chromatin and the outer kinetochore (Hornung et al. 2011) . The existence of multiple inner kinetochore receptors for the Mis12 complex may explain how the copy number of the outer complexes increases relative to the inner kinetochore components. There are also multiple receptors for the Ndc80 complex, because it binds to both the Mis12 and Cnn1 complexes (Bock et al. 2012; Schleiffer et al. 2012; Malvezzi et al. 2013) . The Spc24/25 proteins within the Ndc80 complex interact with similar motifs in Cnn1 and the Mis12 component Dsn1 (Malvezzi et al. 2013) . The interaction with Dsn1 is essential and Dsn1 is the major receptor throughout the bulk of the cell cycle. Cnn1 may inhibit this interaction at anaphase, suggesting a potential change in KMN receptors for unknown reasons (Bock et al. 2012; Schleiffer et al. 2012; Malvezzi et al. 2013) . Spc105 also binds to Mis12 (Maskell et al. 2010) , but its localization in vivo does not depend on subcomplexes other than CBF3 (Pagliuca et al. 2009 ). The connections between Spc105 and the kinetochore are still not completely understood. Ndc80 orients and localizes the Dam1 complex, which is the outermost complex and may form a ring in vivo. In meiosis I, the kinetochore must change its behavior to coorient sister kinetochores rather than biorient to ensure that sister chromatids travel to the same pole. The Csm1/Lrs4 monopolin complex forms a clamp-like structure that binds to the Dsn1 protein (Corbett et al. 2010) , leading to the idea that sister kinetochores can be crosslinked to behave as a single unit.
While the precise number and arrangement of subcomplexes within the kinetochore are still unknown, isolated kinetochores were recently visualized by EM ( Figure 6B ) (Gonen et al. 2012) . They appear to have a central hub surrounded by 5-7 globular domains that appear to contact the microtubule, consistent with their identity as KMN or a part of KMN. In support of this possibility, an extension that contains a kink and is the length of the Ndc80 complex extends from the globular domains. In some kinetochore particles, the extension is connected to a ring that encircles the microtubule and that depends on the presence of functional Dam1 complex (Gonen et al. 2012) . Partial rings around microtubules were also recently visualized within cells by EM (McIntosh et al. 2013) . Together, these data are consistent with the idea that the central hub represents the inner kinetochore and the surrounding globular domains represent KMN connected to a Dam1 ring. Although it has been difficult to visualize yeast kinetochores within cells by EM, puck-like structures at the end of microtubules that may correspond to kinetochores were recently described (McIntosh et al. 2013) . In the future, higher resolution structural information will be critical to determining precisely where each kinetochore component exists in the kinetochore.
Kinetochore-microtubule attachments and coupling activity
One of the most outstanding questions in the field is the mechanistic basis for the persistent load-bearing attachment of kinetochores to the tips of dynamic microtubules. A variety of evidence suggests that an end-on attachment is different from a lateral attachment close to the tip of the microtubule (Asbury et al. 2006; Powers et al. 2009; Akiyoshi et al. 2010; Tanaka 2010) . While the discovery of motor proteins at the kinetochore immediately suggested a mechanism to couple kinetochores to microtubules, we now know that motor proteins do not provide the major coupling activity (McIntosh 2012) . Some motor proteins localize to yeast kinetochores and facilitate segregation, but the genes are all nonessential and the phenotypes of deletions do not lead to defects in kinetochore-microtubule attachments (Tanaka et al. 2005; Tytell and Sorger 2006; Pagliuca et al. 2009; Wargacki et al. 2010) .
In the budding yeast kinetochore, Ndc80 and Dam1 are the major subcomplexes currently known to bind to microtubules (Cheeseman et al. 2001a; Janke et al. 2002; Miranda et al. 2005; Tanaka et al. 2005; Wei et al. 2005; Westermann et al. 2005; Asbury et al. 2006; Westermann et al. 2006; Gestaut et al. 2008; Powers et al. 2009 ). Unlike Ndc80, the Dam1 complex requires microtubules for kinetochore association (Li et al. 2002) . Consistent with this, the Ndc80 complex is required for both lateral attachments and end-on attachments, while Dam1 is only required for proper end-on attachments (Tanaka et al. 2005; Shimogawa et al. 2006; Akiyoshi et al. 2010) . Elegant experiments in vitro showed that Dam1 enhances the microtubule tip tracking activity of the Ndc80 complex under load, suggesting that it is a processivity factor for Ndc80 (Lampert et al. 2010; Tien et al. 2010) . These data are consistent with the requirement for Dam1 to couple bioriented, end-on attached sister kinetochores, which experience the highest forces. It is currently unclear how the other budding yeast subcomplexes contribute to microtubule binding. Spc105 purified from yeast exhibits weak binding activity but the lack of recombinant complex has made it difficult to study its precise contributions (Pagliuca et al. 2009 ). Although kinetochore particles purified from spc105 mutant cells are defective in microtubule attachment, the particles also have substantially reduced Ndc80 levels (Akiyoshi et al. 2010) . Similarly, although many kinetochore components are required for kinetochore-microtubule attachments in vivo (Tanaka et al. 2005) , this may be a secondary effect of altered kinetochore composition. For example, mutants in COMA components (Okp1 and Ame1) exhibit segregation defects in vivo (Ortiz et al. 1999; Tanaka et al. 2005; Knockleby and Vogel 2009) , but this may reflect their role in recruiting outer kinetochore proteins.
Because it is difficult to distinguish direct effects on microtubule binding from secondary effects on kinetochore composition in vivo, elucidating the mechanism of kinetochore-microtubule attachments requires studies in vitro (Akiyoshi and Biggins 2012) . Considerable progress in reconstituting the kinetochore-microtubule interface in vitro has provided experimental support for two major coupling models (Asbury et al. 2011) . The first proposes a biased diffusion mechanism in which the kinetochore contains multiple weak microtubule binding elements that together have enough total energy to maintain an attachment (Hill 1985) . As long as the elements are able to quickly diffuse along the microtubule, they can maintain kinetochore attachment to the dynamic microtubule tip and harness the energy of microtubule dynamics to move the chromosome. Any motion that brings more of the binding elements into contact with the microtubule will favor the attachment and thus provide a biased direction for the diffusion. A variety of data support this model. First, both the Ndc80 and the Dam1 complexes are able to diffuse rapidly along the microtubule lattice in vitro (Westermann et al. 2006; Gestaut et al. 2008; Powers et al. 2009 ). Additionally, these complexes (alone or in combination) as well as purified kinetochore particles maintain load-bearing attachments to dynamic microtubule tips (Westermann et al. 2006; Franck et al. 2007; Grishchuk et al. 2008a,b; Powers et al. 2009; Akiyoshi et al. 2010; Lampert et al. 2010; Tien et al. 2010; Volkov et al. 2013) . Second, kinetochores contain numerous copies of the Ndc80 and Dam1 complexes, consistent with a multivalent attachment mechanism (Joglekar et al. 2006; Gonen et al. 2012) . Although it is still not known how many of these elements within a single kinetochore might contact a microtubule at one time, static EM images show that multiple domains within a single kinetochore particle can contact a microtubule (Gonen et al. 2012) . Although isolated kinetochore particles do not diffuse on the lattice (Akiyoshi et al. 2010) , the rate of diffusion for a multivalent coupler is slower on the lattice than on a disassembling tip. Depending on the number of binding elements, the lattice rate can be negligibly slow, but the tip rate will remain fast enough to support tip tracking (Hill 1985; Powers et al. 2009 ). The other major mechanism that has been supported by both theoretical considerations and experimental evidence is referred to as the "conformational wave" model (Koshland et al. 1988; Molodtsov et al. 2005; McIntosh et al. 2008) . This model and a variation called the "forced walk" theorize that a portion of the kinetochore forms a ring or fibrils that are pushed on by depolymerizing filaments in the microtubule to move the kinetochore. The conformational wave model proposes a ring structure with sufficient diameter that it could freely slide along the microtubule, while the forced walk model suggests that fibrils would harness protofilament peeling. In either case, the underlying mechanism is similar. Support came from the exciting discovery that Dam1 complexes can self-assemble into rings with a 16-fold symmetry around microtubules in vitro (Miranda et al. 2005; Westermann et al. 2006) . In addition, isolated kinetochore particles bound to microtubules sometimes contain rings encircling the microtubule (Gonen et al. 2012) . The Dam1 complex exhibits a preference for the GTP-bound tips of microtubules (Westermann et al. 2005; Gestaut et al. 2008) and moves along microtubules in a processive manner, consistent with the sliding of a ring (Westermann et al. 2005 (Westermann et al. , 2006 Asbury et al. 2006; Grishchuk et al. 2008a) . It can also maintain load-bearing attachments to dynamic microtubules (Franck et al. 2007; Grishchuk et al. 2008a; Volkov et al. 2013) , and quantitative fluorescence data indicate that there are sufficient Dam1 complexes at kinetochores in vivo to form rings (Joglekar et al. 2006) . When Dam1 is tethered to beads in a manner that might mimic fibrils, it can maintain much greater load in vitro (Volkov et al. 2013) , and fibril-like connections have been observed by tomography on mammalian cells (McIntosh et al. 2008) . While these data support the conformational wave model, a single Dam1 complex is sufficient to diffuse along a microtubule and to attach to disassembling tips in vitro (Gestaut et al. 2008; Grishchuk et al. 2008b) . A potential unifying view is that rings likely do exist in vivo, but that they are involved in a biased diffusion mechanism. This is supported by data showing that the Dam1 complex exhibits electrostatic interactions with the C-terminal tails of tubulin that likely promote biased diffusion rather than a forced-walk model (Westermann et al. 2005; Ramey et al. 2011) . In addition, the conformational wave model is based on curved, peeling protofilaments and therefore predicts that kinetochores would be more stably attached to disassembling tips than assembling tips. However, isolated kinetochores as well as the Dam1 and Ndc80 subcomplexes all detach from disassembling tips more readily than assembling tips (Asbury et al. 2006; Franck et al. 2007; Powers et al. 2009; Akiyoshi et al. 2010; Tien et al. 2010) . In addition, the Dam1 complex exhibits autonomous tracking with assembling tips, a property that is consistent with its preference for the GTP-bound microtubule tip but not with a requirement for peeling protofilaments (Westermann et al. 2006) . EM data within cells and with purified kinetochores bound to microtubules also support the possibility of multivalent attachments, a basis for biased diffusion (Dong et al. 2007; Akiyoshi et al. 2010; McCwen and Dong 2010) . In sum, experiments suggest that elements of both biased diffusion and the conformational wave may contribute, and further defining the coupling mechanism will be a major focus of future research.
Regulation of kinetochore attachments
Kinetochore biorientation
Accurate chromosome segregation requires pairs of sister kinetochores to biorient so that they attach to microtubules from opposite poles. Biorientation is a complicated process that requires cells to both detect and correct kinetochoremicrotubule attachment errors. Biorientation generates tension on kinetochores due to the microtubule pulling forces on sister chromatids linked by cohesin. Consistent with this, cohesin is highly enriched in a 50-kb domain around yeast centromeres, presumably to resist the pulling forces of microtubules (Megee et al. 1999; Tanaka et al. 1999; Glynn et al. 2004 ). The kinetochore is required to recruit pericentromeric cohesin, and the COMA subcomplex has been specifically implicated in this process (Tanaka et al. 1999; Weber et al. 2004; Eckert et al. 2007; Fernius and Marston 2009; Ng et al. 2009; Fernius et al. 2013) . However, the details of how cohesin spreads from kinetochores to a large domain around the centromere are still unknown.
Cells appear to monitor biorientation via the level of tension generated on the kinetochore. Attachments lacking tension in vivo are highly unstable, while those that come under tension are stably maintained (Nicklas 1997) . A pioneering experiment that directly tested the effects of tension was performed in grasshopper spermatocytes cells by applying tension to a monooriented chromosome (Nicklas and Koch 1969) . Once the chromosome came under tension, it maintained a stable attachment to the pole. Similarly elegant in vivo experiments were performed in budding yeast and showed that minichromosomes lacking tension destabilized their microtubule attachments and continued to reorient between spindle pole bodies, while those under tension were stably attached Dewar et al. 2004) . Direct support in vitro for the stabilization of attachments by tension came from the finding that isolated budding yeast kinetochores maintain attachments to microtubules for longer periods of time at higher forces (Akiyoshi et al. 2010) .
One can imagine a variety of mechanisms that could regulate kinetochore biorientation, and there is support for at least three. Two mechanisms involve the selective destabilization of kinetochore attachments lacking tension, thereby giving the cell another chance to make a proper attachment. First, tension directly stabilizes attachments in vitro by modulating microtubule tip dynamics (Franck et al. 2007; Akiyoshi et al. 2010) . As the level of force on kinetochore-microtubule attachments increases in vitro, the rate of catastrophes decreases and microtubule rescue is promoted. Strikingly, kinetochores maintain attachments to assembling tips for longer periods of time than disassembling tips. Together, these data suggest that tension directly promotes attachments by modulating microtubule tip dynamics to favor the state where kinetochores have a higher probability of staying bound. A second mechanism involves the destabilization of kinetochore-microtubule attachments by Aurora B (Ipl1 in yeast) kinase-mediated phosphorylation. In Aurora B mutant cells, the majority of kinetochore attachments are monooriented, and Aurora B activity is required for kinetochores to detach from microtubules when they lack tension (Biggins et al. 1999; Tanaka et al. 2002; Dewar et al. 2004; Tanaka et al. 2005 ). An important challenge in the field has been to identify the key Aurora B kinetochore substrates that are involved in biorientation and to understand how their phosphorylation leads to destabilization of attachments. While Aurora B-mediated phosphorylation of many kinetochore proteins has been reported (Cheeseman et al. 2002; Westermann et al. 2003; Maskell et al. 2010) , the only substrates implicated in biorientation in budding yeast to date are the major microtubule binding complexes, Dam1 and Ndc80. Mutants in the Dam1 phosphorylation sites lead to biorientation defects in vivo (Cheeseman et al. 2002) and Aurora B phosphorylation site mutants in Ndc80 exhibit biorientation defects when Aurora B function is further compromised in vivo (Akiyoshi et al. 2009a) . These data suggest that Ndc80 phosphorylation is important but redundant with additional substrates in yeast (Akiyoshi et al. 2009a; Demirel et al. 2012) .
Phosphorylation has multiple effects on kinetochore behavior. Aurora B-mediated phosphorylation directly weakens the interaction between kinetochores and microtubules, a behavior consistent with the overall negative charge of the microtubule. Aurora B phosphorylation of S20 on the Dam1 subcomplex directly reduces the affinity of the subcomplex for microtubules and causes it to detach more frequently in vitro (Gestaut et al. 2008) . In addition, purified kinetochores containing phosphomimetic mutants in Dam1 or Ndc80 exhibit weaker attachments to microtubules that have additive effects (Sarangapani et al. 2013) . Phosphorylation of the Dam1 complex on sites other than S20 has further effects that lead to the destabilization of attachments. First, although phosphorylation of the Aurora B sites in Dam1 does not alter the structure of the monomeric Dam1 complex, it reduces its ability to oligomerize and to assemble rings in vitro . Second, Dam1 phosphorylation decreases its ability to interact with the Ndc80 complex on microtubules and confer tip-tracking activity (Lampert et al. 2010; Tien et al. 2010) . Finally, kinetochore particles containing the Dam1 phosphomimetic mutants increase microtubule catastrophe rates, which could indirectly weaken kinetochore attachments by promoting microtubule disassembly (Akiyoshi et al. 2010; Sarangapani et al. 2013) . Because there are additional Aurora B sites in the Ndc80 and Dam1 complexes, as well as additional Aurora B kinetochore substrates, an important future goal will be to fully analyze the corresponding mutants in vivo and in vitro.
The other mechanism implicated in kinetochore biorientation is a steric consideration. If sister kinetochores assume a back-to-back geometry, it would ensure that once a kinetochore attaches to a microtubule, its sister would bind to a microtubule emanating from the opposite pole. Because there is not enough resolution to visualize sister kinetochores by EM in yeast to distinguish their geometry, it has been difficult to design a definitive experiment to address sister kinetochore geometry. An unreplicated minichromosome containing two centromeres efficiently biorients, suggesting that any linkage is sufficient to generate tension (Dewar et al. 2004) . While this finding led to the conclusion that kinetochore geometry was not a factor in biorientation (Dewar et al. 2004) , the experiment did not rule out the possibility that the two centromeres on the minichromosome assumed a specific geometry. A different observation suggests that geometry may indeed contribute to biorientation in yeast (Indjeian and Murray 2007) . Sgo1 is required for biorientation when kinetochores attach to microtubules coming from unseparated spindle poles, but not from separated poles. This differential requirement suggests that yeast kinetochores are intrinsically biased to attach to opposite poles so active error correction by Sgo1 is only required in situations prone to form monoorientated attachments (such as unseparated poles). Although this experiment lends support to a specific geometry of sister kinetochores, it does not explain why there is an essential requirement for the Aurora B kinase in reorientation regardless of the timing of pole separation. One possibility is that Sgo1 becomes important for reorientation later in the cell cycle due to its role in regulating Aurora B, a function that may be carried out by other proteins earlier in the cell cycle (Kawashima et al. 2007; Yamagishi et al. 2010) .
The Mps1 kinase is also essential for yeast kinetochore biorientation and its substrates have started to be identified (Shimogawa et al. 2006; Maure et al. 2007; Kemmler et al. 2009; London et al. 2012) . Mps1 phosphorylates a number of sites in the Dam1 protein, and cells expressing a S218A S221A phosphomutant appear to biorient sister kinetochores and satisfy the checkpoint without making end-on microtubule attachments (Shimogawa et al. 2006 (Shimogawa et al. , 2010 . Although Mps1 and Aurora B have varied effects on the activity of each other in other organisms (Jelluma et al. 2008; Saurin et al. 2011; van der Waal et al. 2012) , there is no data in yeast suggesting that they act in the same pathway (Maure et al. 2007; Storchova et al. 2011) . The mechanism by which Mps1 regulates biorientation has therefore not yet been elucidated and it will be important to understand its contribution in the future.
Mps1 and Aurora B localize to kinetochores, so it is critical to understand how they are regulated by a lack of tension to promote biorientation. An elegant model for Aurora B activity was proposed that is based on its spatial distance from substrates . Because Aurora B localizes to the inner kinetochore and its key substrates appear to be on the outer kinetochore, it was proposed that it would only be able to phosphorylate its substrates when kinetochores lack tension. As kinetochores biorient, tension will pull the kinetochores apart and move Aurora B away from its substrates, thus stabilizing attachments. While this model is attractive and has been supported by some experiments (Keating et al. 2009; Liu et al. 2009; Welburn et al. 2010) , it does not explain how initial attachments that lack tension would be made in the presence of high kinase activity. Protein phosphatase I activity opposes Aurora B (Francisco et al. 1994) , so the kinase/phosphatase balance must be carefully regulated if this model is correct. In addition, it was recently shown that cells lacking the inner centromere localization of Aurora B can still biorient kinetochores (Campbell and Desai 2013) . In the future, it will be critical to determine where the active enzyme is localized to understand whether there is spatial control over its activity. Mps1 appears to localize to the outer kinetochore (Kemmler et al. 2009) , suggesting that its regulation will be different from Aurora B.
The Spindle Checkpoint
It is essential that defects in kinetochore-microtubule attachments are monitored and corrected prior to cell division. The spindle checkpoint is the surveillance system that halts the cell cycle if there are defects in kinetochoremicrotubule attachments, thus giving cells time to ensure that every chromosome makes a proper attachment (for recent reviews, see Zich and Hardwick 2010; Kim and Yu 2011; Musacchio 2011) . Two budding yeast genetic screens identified the majority of checkpoint genes (Hoyt et al. 1991; Li and Murray 1991) . The MPS1, MAD1, MAD2, MAD3 (BUBR1), BUB1, and BUB3 genes are highly conserved genes that are all required to arrest the cell cycle in response to defects in kinetochore-microtubule attachments (Hoyt et al. 1991; Li and Murray 1991; Weiss and Winey 1996) . While the BUB2 gene was originally thought to be essential for the spindle checkpoint, later work showed that it monitors defects in spindle positioning (Wang and Burke 1995; Alexandru et al. 1999; Fesquet et al. 1999; Fraschini et al. 1999; Li 1999) . The yeast checkpoint genes are nonessential with the exception of MPS1, which encodes a conserved protein kinase with roles in other essential cellular processes (Winey et al. 1991; Jones et al. 2001) . Because the checkpoint genes are dispensable during a normal cell cycle, budding yeast cells do not normally need any delay to complete biorientation before anaphase. In contrast, these genes are essential in animal cells (Basu et al. 1999; Kitagawa and Rose 1999; Dobles et al. 2000; Kalitsis et al. 2000; Gillett et al. 2004) . Despite being nonessential, the spindle checkpoint is active for at least a short duration because spindle checkpoint complexes assemble early during each S phase (Brady and Hardwick 2000) . In addition, deletions of the spindle checkpoint genes result in chromosome segregation defects to varying degrees (Li and Murray 1991; Pangilinan and Spencer 1996; Warren et al. 2002) . Mutations in the Bub1 and Bub3 proteins result in the strongest segregation defects (Warren et al. 2002) , consistent with separate functions in kinetochore biorientation (Fernius and Hardwick 2007; Windecker et al. 2009; Kawashima et al. 2010; Storchova et al. 2011) . Mad1 and mad2 mutants also exhibit segregation defects and genetic interactions that are stronger than a mad3 deletion, suggesting they also have separable segregation functions (Warren et al. 2002; Daniel et al. 2006) . Mad1 was recently implicated in regulating nuclear transport, which may indirectly affect segregation because the import of the PP1/Glc7 phosphatase, discussed below, is affected (Cairo et al. 2013) . However, this role is independent of Mad2 so there are likely additional functions for Mad1 and Mad2 in chromosome segregation.
The spindle checkpoint mediates cell cycle arrest by inhibiting the anaphase-promoting complex (APC) through inhibition of the Cdc20 activator (Li et al. 1997; Fang et al. 1998; Hwang et al. 1998; Kim et al. 1998) . This prevents the APC from promoting the ubiquitylation of cyclin B and securin, two key substrates required for mitotic progression (Kim and Yu 2011) . Thus, the checkpoint ensures that downstream mitotic events do not occur if kinetochoremicrotubule attachments are defective via the inhibition of Cdc20-APC activity. While various subcomplexes between Cdc20 and checkpoint proteins exist, the most potent inhibitor of the APC is a soluble mitotic checkpoint complex (MCC) containing Mad2, Mad3, Bub3, and Cdc20 (Brady and Hardwick 2000; Hardwick et al. 2000; Fraschini et al. 2001b; Sudakin et al. 2001; Tang et al. 2001; Fang 2002; Chao et al. 2012) . A variety of data suggest that the key inhibition comes from the binding of Mad2 and Mad3 to Cdc20 (Chao et al. 2012; Lau and Murray 2012) .
There is strong evidence that the checkpoint signal is generated at the kinetochore. Classic laser ablation and micromanipulation experiments showed that kinetochores lacking tension or attachments produce an inhibitory signal that halts the cell cycle (Rieder et al. 1994; Li and Nicklas 1995) . All of the yeast checkpoint proteins except Mad3 localize to the kinetochore (Gillett et al. 2004) . While the Bub1 and Bub3 checkpoint proteins always localize to kinetochores at mitosis (presumably to regulate kinetochore biorientation), Mad1 and Mad2 are specifically recruited to unattached kinetochores (Chen et al. 1996; Gillett et al. 2004) . FRAP and additional microscopy experiments in other organisms showed that Bub1 and Mad1 are stably bound to unattached kinetochores, while Mad2 exists two pools, one that is stable and one that rapidly exchanges (Howell et al. 2000 (Howell et al. , 2004 Shah et al. 2004) . While most yeast mutants defective in centromere function and kinetochore-microtubule attachments trigger the spindle checkpoint (Spencer and Hieter 1992; Wang and Burke 1995; Pangilinan and Spencer 1996; Wells and Murray 1996; Gardner et al. 2001) , the ndc10-1 mutant that completely blocks kinetochore assembly does not (Goh and Kilmartin 1993; Fraschini et al. 2001a; Poddar et al. 2004) . The Ndc80 and COMA subcomplexes have also been implicated in the checkpoint, likely due to direct or indirect recruitment of checkpoint proteins (McCleland et al. 2003; Matson et al. 2012) . The overexpression of the Mps1 checkpoint kinase can generate a sustained checkpoint signal in an ndc10-1 mutant that lacks kinetochores (Fraschini et al. 2001a; Poddar et al. 2004) , but this may be due to constitutive downstream signaling events that have not yet been identified. Together, these data provide strong support that the kinetochore generates a checkpoint signal, which leads to the formation of a soluble cell cycle inhibitor.
One of the more controversial questions is the nature of the signal that triggers the checkpoint. While defects in many aspects of microtubule and kinetochore function lead to cell cycle arrest due to the checkpoint (Spencer and Hieter 1992; Wang and Burke 1995; Pangilinan and Spencer 1996; Hardwick et al. 1999; Gardner et al. 2001; Stern and Murray 2001) , the underlying structural signal is difficult to precisely test. Unattached kinetochores clearly recruit checkpoint proteins and lead to a checkpoint-mediated arrest (Gillett et al. 2004) . However, defects in tension can be generated in yeast by either completely preventing replication or preventing the cohesion between sister chromatids. In these cases, kinetochore-microtubule attachments appear to be made, but they lack tension and arrest the cell cycle in a checkpoint-dependent manner (Biggins and Murray 2001; Stern and Murray 2001) . The Aurora B protein kinase and the Sgo1 protein are required to halt the cell cycle in response to these defects, but they are not required for the checkpoint in response to unattached kinetochores (Biggins and Murray 2001; Indjeian et al. 2005) . A histone H3 mutant that mislocalizes Sgo1 from the centromeric region has a similar phenotype (Luo et al. 2010) . While these data can be interpreted to mean that tension defects signal the spindle checkpoint independently from attachment defects, the lack of tension on kinetochores also destabilizes attachments (reviewed above). Therefore, it is difficult to determine whether tension directly triggers the checkpoint signal or indirectly creates unattached kinetochores that trigger the checkpoint signal. Consistent with this, Aurora B and Sgo1 destabilize inappropriate microtubule attachments (Biggins et al. 1999; Tanaka et al. 2002; Pinsky et al. 2006; Indjeian and Murray 2007) , making it unclear whether they truly have a separate role in a tension-sensing checkpoint pathway (Pinsky and Biggins 2005) . Further complicating the issue is recent data in mammalian cells that suggests that intrakinetochore tension, not interkinetochore tension, is coupled to the checkpoint response (Maresca and Salmon 2009; Uchida et al. 2009 ). Because tension and attachment are interdependent in vivo, dissecting this issue will require a complete reconstitution of the checkpoint in vitro to determine the upstream signal.
Another controversial question is whether Aurora B has a direct function in the checkpoint or whether its sole function is to create unattached kinetochores that trigger the checkpoint (Pinsky and Biggins 2005) . In some organisms, Aurora B is required for the spindle checkpoint in response to defects in attachment as well as tension (Maresca 2011) . It is not clear whether this reflects a difference in function between organisms or whether the yeast Aurora B alleles retain enough function to respond to defects in attachment. The Mad3 protein has Aurora B sites and mutants in these sites are defective in the response to tension defects but not attachment defects (Rancati et al. 2005; King et al. 2007 ). However, there could be other key Aurora B targets and/or the Mad3 mutant could be a hypomorph that can respond to strong but not weaker signals. A key Aurora B substrate that is defective in all aspects of spindle checkpoint signaling has not yet been identified in any organism.
Regardless of whether there is a single checkpoint signaling pathway or separate tension and attachment-dependent pathways, some of the key steps in the generation of the yeast checkpoint signal have been identified (Figure 7) . First, the Mps1 kinase appears to be the most upstream signal and recruits downstream checkpoint components to kinetochores (Hardwick et al. 1996; Heinrich et al. 2012; London et al. 2012; Shepperd et al. 2012; Yamagishi et al. 2012) . Mps1 copurifies with Ndc80 and interacts with its N-terminal domain in vitro (Kemmler et al. 2009 ), suggesting that Ndc80 may be the kinetochore receptor for Mps1. Phosphorylation of the Spc105 protein on conserved MELT motifs by Mps1 recruits the Bub1 and Bub3 proteins to the kinetochore (Kiyomitsu et al. 2007 (Kiyomitsu et al. , 2011 Krenn et al. 2012; London et al. 2012; Shepperd et al. 2012; Yamagishi et al. 2012) . Mps1, Bub1, and Bub3 are all required for the recruitment of the Mad1 and Mad2 proteins to kinetochores, although the Mad1 receptor has not yet been identified (Gillett et al. 2004; Heinrich et al. 2012) . A prevailing model for checkpoint signaling is the "Mad2 template model" that requires its interactions with kinetochorebound Mad1 (De Antoni et al. 2005) . There are two forms of Mad2 that exist on the kinetochore: a pool stably bound to Mad1, and a pool that rapidly cycles on and off the kinetochore (Howell et al. 2000) . When bound to Mad1, Mad2 adopts a "closed" form structure (Mad2-C or N2-Mad2) that remains stably bound to Mad1 (Luo et al. 2002; Sironi et al. 2002) . This population of Mad2 serves as a receptor for soluble Mad2, which is in an "open" (Mad2-O or N1-Mad2) conformation (Luo et al. 2000 (Luo et al. , 2002 Sironi et al. 2002; De Antoni et al. 2005) . Mad2-O dynamically cycles onto the kinetochore where it binds to Mad2-C, which promotes its conversation to Mad2-C. Mad1 and Cdc20 have similar Mad2 binding motifs, which means that Mad2-C will bind to Cdc20 (Luo et al. 2000 (Luo et al. , 2002 Mapelli et al. 2007) . Therefore, the kinetochore Mad1-bound pool of Mad2 "templates" the formation of a soluble Mad2-Cdc20 structural copy, thus promoting APC inhibition.
A key feature of the checkpoint is regulation by phosphorylation (Kang and Yu 2009) . Mps1 phosphorylation of Spc105 is essential for the checkpoint (London et al. 2012; Shepperd et al. 2012; Yamagishi et al. 2012) . Mps1 has also been implicated in phosphorylation of Mad1 and Ndc80 (Hardwick et al. 1996; Kemmler et al. 2009 ), but the functions of these phosphorylation events have not been identified. Mps1 autophosphorylation is required for its activation and kinetochore localization in some organisms (Kang et al. 2007; Mattison et al. 2007; Xu et al. 2009) , although this has not been studied as much in budding yeast. It is unclear how many checkpoint substrates exist for Mps1, but its ability to halt the cell cycle in a kinetochore-independent manner suggests it likely has soluble targets downstream of the kinetochore that remain to be identified (Hardwick et al. 1996; Fraschini et al. 2001a; Poddar et al. 2004) . In fission yeast, Mps1-mediated phosphorylation of Mad2 is important for its association with Mad3 and Cdc20, but Mad2 is not known to be phosphorylated in budding yeast (Zich et al. 2012) . While Bub1 is also a kinase (Roberts et al. 1994) , its catalytic activity is not required for the yeast spindle checkpoint (Sharp- Baker and Chen 2001; Warren et al. 2002) . Although it was initially thought that the kinase domain is required for the checkpoint (Roberts et al. 1994) , this conclusion was made using a catalytic site mutant that destabilizes the protein (Warren et al. 2002) . A deletion of the kinase domain does not alter Bub1 levels and fully supports yeast checkpoint function (Warren et al. 2002; Fernius and Hardwick 2007) . Consistent with these data, a Bub1 checkpoint substrate in yeast has not been identified. Although Bub1 phosphorylation of Cdc20 in mammalian cells has been implicated in the checkpoint (Tang et al. 2004; Kang et al. 2008) , its kinase activity is more important for segregation than the checkpoint (Sharp-Baker and Chen 2001; Klebig et al. 2009 ). As mentioned above, Aurora B phosphorylation in yeast has also been implicated in the checkpoint because it phosphorylates Mad3 to generate a response to defects in tension (Rancati et al. 2005; King et al. 2007 ). However, an Aurora B substrate essential for all checkpoint responses has not been identified in any organism. A clear goal for the future is the identification of additional checkpoint phosphorylation events.
Just as phosphorylation is required to engage the checkpoint, dephosphorylation via protein phosphatase 1 (PP1) is required to silence the checkpoint (Pinsky et al. 2009; Vanoosthuyse and Hardwick 2009 ). PP1 reverses the Mps1-mediated phosphorylation on Spc105, and it likely has additional key substrates (Pinsky et al. 2009; London et al. 2012) . Spc105 may be involved in a checkpoint feedback loop because it has been implicated as the kinetochore receptor for PP1 in budding and fission yeast (Meadows et al. 2011; Rosenberg et al. 2011) . However, direct binding between the budding yeast Spc105 and PP1 proteins was not demonstrated in budding yeast (Rosenberg et al. 2011) , and the Fin1 kinetochore protein also binds to PP1 (Akiyoshi et al. 2009b) . It is therefore still unclear precisely how PP1 is recruited and regulated to silence the checkpoint in yeast. The Cdc14 phosphatase is also implicated in reversing the checkpoint through dephosphorylation of the Sli15 activator of Aurora B, which promotes Sli15/Aurora B relocalization to the spindle (Mirchenko and Uhlmann 2010) . The destruction of the Cdc20, Mps1, and Bub1 proteins and the autoubiquitination of Cdc20 also ensure that the checkpoint is Figure 7 Spindle checkpoint pathway. Mps1 phosphorylates Spc105 to recruit the Bub1/3 proteins. Once Bub1/3 are bound to phosphorylated Spc105, the Mad1/Mad2 complex is recruited to the kinetochore. The open form of Mad2 is converted to a closed form, and the closed Mad2 binds to Cdc20 and eventually forms a mitotic checkpoint complex (containing Bub3, Mad2, Mad3, and Cdc20) that inhibits the progression into anaphase.
silenced (Pan and Chen 2004; Palframan et al. 2006; Goto et al. 2011; Foster and Morgan 2012) . In other organisms, checkpoint silencing occurs via competition between the 31 P comet protein and Mad3 for their interaction with Mad2 (Xia et al. 2004; Yang et al. 2007; Chao et al. 2012) . This antagonizes MCC assembly, thus helping to silence the checkpoint. However, there is no obvious 31 P ortholog in budding yeast. Dynein-mediated removal of Mad2 has also been implicated in other organisms (Howell et al. 2001) , but budding yeast lack nuclear dynein. Ultimately, the mechanism by which microtubules attach to kinetochores and come under tension must be integrated with the mechanism of spindle checkpoint signaling. The role of the KMN complex in both mediating microtubule attachment and recruiting checkpoint proteins makes it a prime candidate for the integration of these pathways. One possibility is that microtubule attachment itself disrupts the binding of one or more checkpoint proteins, making it impossible for the checkpoint to signal when microtubules are attached. This system would rely on error correction to ensure that attachments lacking tension are disrupted, thus signaling the checkpoint. Mad1 and Mad2 do not accumulate on kinetochores that are attached to microtubules (Gillett et al. 2004) , suggesting they are the checkpoint proteins most sensitive to the state of kinetochore-microtubule attachments. In sum, there are significant questions about the amplification of the checkpoint signal and the underlying mechanisms that connect the state of kinetochore-microtubule attachment to the cell cycle that must be elucidated in the future.
Perspectives
The identification of a small, sequence-specific point centromere sequence in budding yeast led to the initial thought that kinetochores would be vastly different between organisms. Instead, we now know that the most important features of kinetochores are highly conserved. A unique underlying centromeric chromatin structure is the foundation for the assembly of many subcomplexes to be built into a dynamic kinetochore structure. The precise composition of the centromeric nucleosome is still debated and needs to be resolved, but future work needs to focus on understanding how it contributes to kinetochore assembly and function. It will also be key to understand how the newly identified histone fold proteins at the centromere contribute to kinetochore function. While the complexity of kinetochores is greater in most other eukaryotes, the yeast kinetochore is a simplified version that employs similar complexes and core mechanisms for its fundamental functions. Understanding how these complexes assemble into a large macromolecular structure at a single chromosomal locus is another area that needs to be tackled in the future. We still have relatively limited knowledge of the requirements and order of assembly of the kinetochore. These studies will be critical for the reconstitution of an entire kinetochore, a step necessary to allow high-resolution structural studies and additional biochemical and biophysical kinetochore assays to be performed. This work will be critical to ultimately understanding the mechanistic basis of kinetochore-microtubule attachments.
There has also been tremendous progress in understanding the regulation of kinetochore-microtubule attachments and the spindle checkpoint. We now know that multiple pathways lead to the destabilization of microtubule attachments lacking tension, but we are still just beginning to identify the underlying mechanisms and their regulation. The spindle checkpoint components have been identified and a major challenge for the future will be to understand the nature of the defects they detect, as well as to understand how signals from a single kinetochore are amplified into a soluble cell cycle inhibitor. The kinetochore must perform a different mode of segregation in meiosis I, so another challenge for the future is elucidating the mechanisms that alter kinetochore function depending on the cell division state. Given that we now have the component parts and a wealth of techniques to study kinetochore functions, these exciting questions can be addressed in the future.
